Discovery of the light-driven sodium-motive pump Na + -rhodopsin (NaR) has initiated studies of the molecular mechanism of this novel membrane-linked energy transducer. In this paper, we investigated the photocycle of NaR from the marine flavobacterium Dokdonia sp. PRO95 and identified electrogenic and Na + -dependent steps of this cycle. We found that the NaR photocycle is composed of at least four steps: NaR 519 + hv → K 585 → (L 450 ↔M 495 ) → O 585 → NaR 519 . The third step is the only step that depends on the Na + concentration inside right-side-out NaR-containing proteoliposomes, indicating that this step is coupled with Na + binding to NaR. For steps 2, 3, and 4, the values of the rate constants are 4×10 4 s -1 , 4.7 × 10 3 M -1 s -1 , and 150 s -1 , respectively. These steps contributed 15, 15, and 70% of the total membrane electric potential (Δψ ~ 200 mV) generated by a single turnover of NaR incorporated into liposomes and attached to phospholipid-impregnated collodion film. On the basis of these observations, a mechanism of light-driven Na + pumping by NaR is suggested.
Results
Generation of transmembrane electric potential difference in individual steps of the NaR photocycle. The NaR gene from Dokdonia sp. PRO95 was heterologously expressed in Escherichia coli cells; then NaR was isolated by affinity chromatography and incorporated into liposomes. Finally, the NaR-proteoliposomes were adhered to a phospholipid-impregnated collodion film. Figure 1A (blue curve) shows that illumination of the film-adhered NaR-proteoliposomes with a single laser flash (in the presence of 100 mM NaCl inside and outside of the proteoliposomes) resulted in the generation of a transmembrane electric potential difference (Δ ψ ) of ~220 mV. The sign of Δ ψ indicated that positive charge was transported from the interior of the proteoliposomes to the outer medium, i.e. the NaR orientation in proteoliposomes is right-side-out. Analysis of the kinetics of the photoelectric response revealed (i) three successive steps of Δ ψ generation ( Fig. 1B ; time constants, 25 μ s, ~1.5 ms, and ~7 ms) and (ii) the Δ ψ decay; the time constant of the decay varied in different preparations from fractions of a second to several seconds. The contribution of the three detected phases of Δ ψ generation into the total Δ ψ was about 15%, 15%, and 70%, respectively.
The laser flash illumination of proteoliposomes containing 100 mM KCl both inside and outside (background Na + concentration in the medium was about 30 μ M) resulted in a photoresponse of quite different shape and very much lower amplitude than in 100 mM NaCl (Fig. 1A, red line) . Kinetic analysis of Δ ψ generation in 100 mM KCl revealed only one definite phase with measurable τ (25 μ s). Subsequent phase(s) were so slow that they merged with the Δ ψ decay, a fact that made it impossible the reliable determination of their kinetic characteristics. Thus, these data confirmed our earlier conclusion about the rhodopsin from Dokdonia sp. PRO95 being a primary photoelectrogenic Na + -pump 9 .
Previously, it was shown that NaR from K. eikastus NBRC 100814T could pump not only Na + , but also lithium ions 5 . To test this observation on NaR from Dokdonia sp. PRO95, we studied the kinetics of light-induced Δ ψ generation in the presence of 100 mM LiCl (inside and outside of the proteoliposomes). As shown in Fig. 1A (green curve), proteoliposomes illumination with a laser flash in a Li + -containing medium resulted in Δ ψ generation with kinetics similar to that of Na + -containing medium, which indicates the ability of NaR to pump not only sodium, but also lithium ions.
Thus, we identified three kinetic steps of transmembrane charge transfer coupled to the light-induced turnover of NaR in Na + -or Li + -containing media. Addition of NaCl to proteoliposomes prepared in KCl-containing medium did not lead to an increase in the photoresponse amplitude or acceleration of any phase of Δ ψ generation (data not shown). This observation is consistent with the right-side-out orientation of NaR in the proteoliposomes (see above), i.e. the Na + -linked Δ ψ generation requires Na + binding by NaR from the interior of vesicles impermeable for this ion. In our experiments, the effect of externally added NaCl on the kinetics of Δ ψ generation could be achieved in the presence of the Na + /H + -exchanger monensin (data not shown). However, due to the large volume of the hydrophobic phase in our experimental system (phospholipid-impregnated collodion film), rather high concentration of this exchanger (~5 μ M) was required to achieve the effect. However, high monensin concentration is known to cause a reduction of Δ ψ 25 . Accordingly, addition of 5 μ M monensin caused not only the acceleration of Δ ψ generation, but also stimulation of its decay, which complicated the use of this exchanger in our experiments. Therefore, to determine the Na + dependence of Δ ψ generation, we used a series of proteoliposome preparations prepared at different Na + concentrations.
The kinetics of Δ ψ generation by NaR-containing proteoliposomes at various Na + concentrations are shown in Fig. 2 , and analysis of the data is summarized in Table 1 . It is important to note that these results were obtained on different proteoliposome preparations. Therefore, in these experiments we compared the kinetics of electric potential generation and the relative contribution of the different phases in Δ ψ generation, but not the absolute values of the amplitudes of the responses. As shown in Fig. 2B , the kinetics of the fastest phase of Δ ψ generation did not depend on Na + concentration; its time constant was ~25 μ s in all cases. The slowest, millisecond phase of Δ ψ generation was significantly accelerated over the entire range of Na + concentrations (increasing from 30 μ M to 200 mM; Fig. 2A ). Increasing [Na + ] from 1 to 200 mM reduced the time constant of this phase 35-fold (from 160 to 4.5 ms). We could not identify the Na + -dependence of the intermediate (sub-millisecond) phase. This phase was detected only at NaCl concentration from 60 to 200 mM. At lower Na + concentrations, this phase could not be detected, presumably because its deceleration caused its merging with the subsequent millisecond phase of Δ ψ generation. It must be noted that while varying NaCl concentrations in these experiments, we did not keep constant ionic strength. Thus, the influence of varying ionic strength on the NaR photoresponse cannot be excluded. However, all measurements were done with a high background KCl concentration (100 mM), which makes this effect likely small or negligible.
The kinetics of Δ ψ generation by NaR reconstituted into liposomes was also measured in a D 2 O containing medium ( Fig. 2B ,C). Analysis of these data ( Optical studies of the NaR photocycle as a function of the Na + concentration. Initial experiments on the photocycle were carried out on NaR-containing proteoliposomes with 200 mM NaCl concentration both inside and outside the proteoliposomes. We observed four light-induced transitions accompanied by changes in light absorption by NaR. The optical spectra ( These data (both spectral properties of the intermediates and characteristic times of their formation) are in good agreement with the previously described photocycle of NaR from K. eikastus NBRC 100814 T 5 . It is also important to note the good match between the kinetics of intermediate formation in the NaR photocycle and characteristic times of electric potential generation (see above, Table 1 ).
Since changing of Na + concentration inside of proteoliposomes faces certain difficulties (see above), further study of Na + -dependent kinetics of the formation of NaR photocycle intermediates was performed using NaR solubilized with a detergent. The photocycle of the solubilized NaR in 200 mM NaCl was similar to the above-described photocycle of the protein in proteoliposomes. The only observed difference was 1.5-fold deceleration of the last stage of the photocycle (O → NaR transition) in the solubilized form of NaR.
We studied the kinetics of the NaR photocycle at varying Na + concentrations (30 μ M-200 mM) in detergent solubilized NaR. Similarly to the results obtained on NaR from G. limnaea R-8282T 8 , decay of intermediate K (Fig. 4 ) was best described by the sum of two exponential processes with characteristic times of 7 and 40 μ s. The optical spectra of these two processes were very similar (data not shown) and analogous to the spectrum of K → (L ↔ M) transition shown in Fig. 3A . Thus, it seems likely that the biphasic character of this process does not result from the presence of some additional intermediate in the NaR photocycle; it rather reflects heterogeneity of the studied preparation (various levels of protonation of a protein group at the given pH; different NaR oligomeric state, etc.). As a result, we later considered this transition as a monoexponential process with time constant of ~25 μ s. As shown in Fig. 4 , the rate of the K → (L ↔ M) transition did not depend on Na + concentration. A minor apparent acceleration of this process at [Na + ] > 60 mM was related not to decrease in the corresponding time constants, but rather to a minor change in the proportions of the 7-and 40-μ s phases in the total K → (L↔ M) transition. Thus, we conclude that the decay rate of intermediate K does not depend on Na + concentration.
The kinetics of the (L↔ M) → O and O → NaR transitions at varying Na + concentrations is presented in Figs 5A and 6A, respectively. In line with the previously described photocycle of NaR from K. eikastus 5 processes resulted in about 20-fold increase in the total rate of the photocycle when Na + concentration was increased from 30 μ M to 200 mM (Fig. 6B ). The resulting dependence was hyperbolic with + K m Na = 52 ± 8 mM. The above-mentioned acceleration of the formation and decay of intermediate O can be explained in two different ways: (i) the rates of both of these transitions depend on [Na + ]; (ii) only the rate of (L↔ M) → O transition really depends on Na + concentration, while the seeming dependence of the rate of O → NaR transition is because this photocycle transition occurs after the true Na + -dependent stage 5 . To answer this question, we performed fitting of the data on the kinetics of intermediate O formation and decay ( Fig. 5A ) using the approach described in the "Methods" section. According to equations (4) and (5) from that section, change in the optical density caused by the change in concentration of the third intermediate in the chain of sequential reactions is described by the following equation (1): is Na + -independent. Thus, we conclude that the true rate of the O → NaR transition does not depend on Na + concentration, and its apparent dependence is because this reaction follows the authentic Na + -dependent step in the photocycle. So, the data indicate that the (L↔ M) → O transition is the true Na + -dependent step of the NaR photocycle, and it is this transition that is coupled to the Na + binding by NaR for its further pumping. The data shown in Fig. 5C also provide basis for explanation of the determined + K m Na value of NaR operation (Fig. 6B) . At Na + concentration of about 50 mM, the rate of the (L↔ M) → O transition (k 2 ) becomes faster than the rate of the following Na + -independent O → NaR step (k 3 ), and further increase in Na + concentration does not result in significant acceleration of the NaR photocycle. It is noteworthy that in this case the + K m Na value cannot be used as a measure of NaR affinity to Na + ( ≠ + + K K m Na D Na ). It is important to note that the rate constant of the (L↔ M) → O transition linearly depended on Na + concentration in the measuring medium. The same linear dependence was recently described also for NaR from G. limnaea R-8282 T 8 . These data indicate that for all used [Na + ], the rate of the (L↔ M) → O step was limited by the rate of diffusion of the pumped Na + to its binding site in NaR. Based on the slope of the dependence of k 2 on [Na + ], we determine the second-order rate constant 4.7 × 10 3 M -1 s -1 for the bimolecular reaction ( ↔ )
Since the rate of this transition is limited by the Na + diffusion to the site of its binding in NaR, we conclude that the kinetic constant of this ion binding + k b Na ≈ 4.7 × 10 3 M -1 s -1 .
Discussion
In this paper, we studied kinetics of the electrogenic response of the Na + -pumping rhodopsin from Dokdonia sp. PRO95 at different Na + concentration. Using optical spectroscopy, we also determined the main intermediates of this cycle, kinetic constants of their formation and decay, as well as dependence of the rate of these processes on [Na + ]. Due to the good match between the kinetics of intermediates formation in the NaR photocycle and electric potential generation (Fig. 7A) , it can be concluded that the phases I, II, and III of Δ ψ formation correspond to the K → (L↔ M), (L↔ M) → O, and O → NaR transitions, respectively. Using the direct electrometry approach, we determined for the first time the contribution of the particular photocycle phases to the entire transmembrane charge transfer by this protein. The data are presented as a scheme of the NaR photocycle in Fig. 7B . Light absorption by the dark form of NaR leads to the NaR → K transition. This process was faster than the time resolution of our instruments and it was not accompanied by a measurable level of Δ ψ generation. Then intermediate K decays to the L and M forms, which are apparently in equilibrium with each other (L↔ M). This transition was accompanied by a relatively small electrogenesis, which comprises about 15% of one charge transfer across the membrane. The characteristic time of this process was about 25 μ s. It is important to note that the K → (L↔ M) transition had identical kinetics in the absence or in the presence of Na + when it was studied either by electrometry or by optical absorbance (Figs 2B and 4, respectively) . Thus, this phase cannot be coupled to Na + binding, and the Δ ψ generation during the K → (L↔ M) transition should reflect either the release of the pre-bound Na + , or a light-induced H + transfer in the hydrophobic part of NaR. The primary structure of NaR from Dokdonia sp. PRO95 is highly similar to the well-studied NaR of K. eikastus NBRC 100814T (98% identity). Previously, it was found that the dark form of NaR from K. eikastus contains a bound Na + with K D ≈ 11 mM 5 . However, we observed Δ ψ generation during the K → (L↔ M) transition also in virtually sodium-free medium (the trace sodium concentration was about 30 μ M), i.e. under conditions when [Na + ] ≪ K D (Fig. 2B) . Moreover, the recently determined three-dimensional structure of K. eikastus NaR revealed that in the ground state this sodium ion is bound in the interface between NaR monomers in oligomers 11 . Thus, electrogenicity of the K → (L↔ M) transition cannot be ascribed to Na + transfer; it seems to be connected to H + movement in the hydrophobic part of the protein. This conclusion is supported by 1.4-fold deceleration of the rate of Δ ψ formation during the K → (L↔ M) transition in D 2 O (Table 1) . On the basis of structural studies of NaR, it was previously suggested that the K → M transition is accompanied by H + transfer from the Schiff base to the nearby residue D116 12 . However, because this H + transfer proceeds almost parallel to the membrane plane, it can hardly itself explain the Δ ψ generation at this step (Fig. 8) . Structural studies of NaR revealed that D116 is connected to D251 via a long chain of hydrogen bonds, and protonation of D116 results in the reorientation of this amino acid residue 12 . Thus, to account for the amplitude of Δ ψ generation coupled to the K → (L↔ M) transition, we propose that the rearrangement of the hydrogen bonds between D116 and D251 in the M intermediate results in net charge transfer to the periplasmic surface of NaR. Also by analogy with the functioning of the H + -pumping bacteriorhodopsin, the K → (L↔ M) transition can also be coupled with H + release into periplasm from one of the glutamic acid residues located close to the surface (E11 or E160) (Fig. 8) .
The next step of the NaR photocycle is the (L↔ M) → O transition. It was significantly stimulated by Na + . This stimulation was caused by Na + only inside right-side-out-oriented proteoliposomes, which corresponds to the cytoplasmic Na + in the bacterial cell. Thus, the (L↔ M) → O transition should be coupled to Na + binding with NaR from the cytoplasmic side of the membrane. The rate constant of this transition linearly depended on Na + concentration (Fig. 5C ). The linear character of the dependence indicates that at all used Na + concentrations, the rate of the (L↔ M) → O stage is limited by the rate of Na + diffusion to its binding site in NaR. Limitation of the (L↔M) → O transition by Na + diffusion is also supported by absence of the D + /H + isotope effect on the rate of Δ ψ formation during this transition (Table 1) . Thus, dependence of the rate of the (L↔M) → O transition on Na + concentration can be used to determine the kinetic binding constant of this ion as + k b Na ≈ 4.7× 10 3 M -1 s -1 . Typically, the rate constant of Na + binding with macromolecules is in the range 10 7 -10 9 M -1 s -1 26-28 . Thus, Na + diffuses to its final binding site in NaR at least four orders of magnitude slower than in most other sodium-binding proteins. Such hindered diffusion indicates that the site of Na + binding in NaR is located at the bottom of a rather long and narrow cleft in the protein molecule. Recently reported movements of helices in the K. eikastus (Dokdonia eikasta) NaR resulted in E → C conformational change 29 may be involved in formation of this cleft. Based on the spectral and structural data, it had been previously suggested that Na + -binding site could be located in the vicinity of the Schiff base 8, 12, 30 (Fig. 8) . This makes the path from the cytoplasmic membrane side to the binding site ~50-55% of the membrane thickness. As determined in the current work, the (L↔ M) → O stage is accompanied by only a relatively small electrogenesis, about 15% of a single charge transfer across the membrane, which seems to contradict with localization of the Na + binding site deeply embedded inside NaR. This contradiction might be partially explained by the back movement of the proton to the Schiff base, which is thought to occur at this stage 12 . But even in this case, electrogenesis associated with the Na + movement in NaR should be ~30% of one charge transfer across the entire thickness of the membrane. However, this figure is still significantly lower than the length of about 50-55% of the membrane thickness. Thus, either (i) the Na + binding site is located far from the Schiff base (somewhere halfway between the Schiff base and the cytoplasmic membrane surface), or (ii) Na + binding takes place at the bottom of a deep and narrow, but water-filled, funnel characterized by a high value of dielectric constant. In the latter case, the funnel remains open during the entire (L↔ M) → O transition.
The last event in the photocycle of the Na + -pumping rhodopsin is the O → NaR transition. This transition represents the main electrogenic stage of the NaR photocycle. Its contribution was about 70% of the total electrogenesis. The rate constant of this transition did not depend on Na + concentration. Thus, the O → NaR transition is apparently accompanied by (i) closing of the above postulated cleft leading from the cytoplasmic side of the membrane to the Schiff base, and (ii) Na + transfer from its binding site to the outer surface of the membrane (Fig. 8 ). High D + /H + isotope effect on the rate of Δ ψ formation during the O → NaR transition ( Table 1) indicated that this transition is limited by conformational changes in NaR.
Studies on the atomic structure of NaR 11, 12 and its molecular mechanism (this report), together with quite recent discovery of Na + -translocating cytochrome oxidase 31 completed description of the main types ion pumps involved in the sodium cycle 32 , a mechanism of membrane bioenergetics alternative to the Mitchellian proton cycle 33 . The Na + cycle not only extends the area of membrane bioenergetics to conditions where a proton cycle cannot be effective (high pH values or high membrane conductance to H + ) but, after discovery of NaR 5 , might be considered as the primary mechanism of production of consumable energy in the biosphere 34 .
Methods
Purification of Na + -pumping rhodopsin. Heterologous expression of the gene of NaR from Dokdonia sp.
PRO95 in Escherichia coli BL21 and isolation of the recombinant 6× His-tagged protein was performed as described previously 9 . Figure 8 . Scheme of transmembrane Na + translocation by NaR. Protein structure is shown according to Gushchin et al. 11 . The Shiff base proton and pumped Na + are indicated by blue and red spheres, respectively. Na + movement is shown by red arrows.
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Reconstitution of proteoliposomes with NaR. Proteoliposomes for Δ ψ generation experiments were prepared as follows. One milliliter of Buffer A [20 mM HEPES-Tris, pH 7.5, containing 100 mM KCl (NaCl or LiCl), 0.5% (w/v) Triton X-100, and 10 mg soybean phosphatidylcholine (Sigma, type IV-S, 40% (w/w) phosphatidylcholine content)] was sonicated until clarity. NaR was then added to this suspension at the lipid/protein ratio of 100:1 (w/w) and incubated at room temperature for 30 min. To remove detergent, Bio-Beads ® SM-2 Adsorbent (Bio-Rad, 400 mg) was added and incubated for 3 h with mixing at room temperature. Finally, the solution was separated from the Bio-Beads ® and used for Δ ψ measurements. To increase signal-to-noise ratio, proteoliposomes for optical experiments were prepared using the same procedure but at lipid/protein ratio of 10:1. Sodium contamination in Na + -free media were measured using flame photometry.
Photoelectric responses of NaR-containing liposomes. Photoelectric responses of proteoliposomes with NaR were measured electrometrically using a phospholipid-impregnated collodion film as described previously 35, 36 . The film separated two electrolyte-containing compartments of a Teflon chamber. This method allows the direct measurement of undistorted electric signals with ~200 ns time resolution. Proteoliposome suspension was added into one of the compartments (final concentration of NaR in the cuvette, ~7 μ g/mL). To induce adsorption of proteoliposomes on the film surface, 20 mM CaCl 2 was added. Ag/AgCl electrodes were used to measure the transmembrane electric potential difference across the membrane of adsorbed proteoliposomes. The voltage output was coupled via an operational amplifier (Burr Brown 3554BM, USA) to a CS8012 Gage and then to a computer. Light-dependent reactions in this system were induced by laser flashes (frequency-doubled YAG, 532 nm; pulse half-width, 15 ns; pulse energy, 20 mJ; Quantel, Les Ulis, France). Using this system, we can measure electric events accompanying synchronous single-turnover photoexcitation of NaR reconstituted into liposomes.
Time-resolved spectrophotometric measurements of the NaR photocycle. Time-resolved multi-wavelength absorption changes of NaR were followed on different time scales by two home-constructed detector systems 37, 38 . One is a CCD (charge-coupled device)-based instrument that allows recording absorption changes with time resolution of 1-16 μ s between individual 433-nm-wide spectra, maximum of recording time, 2 ms. The second is a CMOS (complementary metal-oxide-semiconductor)-based detector system capable of taking 500-nm-wide spectra with pseudologarithmic time averaging starting from 14 μ s per spectrum up to the completion of the photocycle. The latter detector system was built on the basis of a Sprint spL2048-140 km (Basler vision technologies) linear scan camera coupled to a CP-140-104 imaging spectrograph (Horiba Jobin Yvon). The two detector systems can be coupled to the same sample compartment with an optical fiber. Switching the optical fiber between the two detector systems allowed us to record micro-and millisecond optical changes from the same sample. The sample contained NaR (0.6 mg/mL) in Buffer A supplemented with a detergent (0.05% n-dodecyl β -d-maltoside) or NaR-proteoliposomes in the Buffer A. Flash photolysis was initiated by a laser flash (frequency-doubled YAG, 532 nm; pulse energy, 100 mJ; Brilliant B; Quantel, Les Ulis, France). Data Analysis. Basic data matrix manipulations and analyses were done with Matlab (The MathWorks, Inc.).
The curves obtained at measurements of the photoelectric responses of NaR-containing liposomes were deconvoluted by fitting employing a least square minimization procedure. The curves were described as m consecutive irreversible steps and fitted by Equations 2 and 3 39 , where Δ ψ (t) is the electric potential at time t, m is the number of consecutive reactions, Δ ψ n is amplitude of the electric potential generation at the n th reaction step, c n (t) is the concentration of the corresponding intermediate at time t (total NaR concentration was taken as 1), k i and k j are the rate constants for the i th and j th steps. These equations were derived assuming that the photocycle could be represented as a sequence of irreversible first-order reactions. The outputs of the fitting procedure included the values of Δ ψ n (i.e., contribution of each step to the total process of Δ ψ generation) and the values of k for m reaction steps. The initial estimates of these parameters required to fit Equations 2 and 3 were obtained from a preliminary fit to a set of m independent exponential processes. The data surfaces obtained at time-resolved spectrophotometric measurements of the NaR photocycle were deconvoluted by global fitting employing a mean absolute residual minimization procedure. The data surfaces were described as m consecutive irreversible steps and fitted by Equations 4 and 5 39 where A(λ, t) is the absorbance at wavelength λ and time t, m is the number of consecutive reactions, Δ ε n (λ) is the change in the extinction coefficient at wavelength λ in the n th reaction step, c n (t) is the concentration of the corresponding intermediate at time t, c 0 is total NaR concentration, k i and k j are the rate constants for the i th and j th steps, and A 0 (λ) is the final absorbance value at wavelength λ toward which the entire system is decaying. These equations were derived assuming that the kinetics at all wavelengths can be described by the same set of consecutive reactions. We also assumed that the photocycle could be represented as a sequence of irreversible first-order reactions. The outputs of the fitting procedure included the values of Δ ε n at all measured wavelengths (i.e., the difference spectra) for photocycle intermediates and the values of k for m reaction steps. The initial estimates of these parameters required to fit Equations 4 and 5 were obtained from a preliminary fit to a set of m independent exponential processes (the SPLMOD algorithm 41 ).
